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The omni-directional reflection characteristics of one-dimensional photonic crystals composed of
Taz05/MgF2 multi-quantum well (MQW) are studied using the transfer matrix method. An omni-
directional reflector consisting of three and four Ta2Os/MgF2 MQWs is investigated. Results show that
the photonic band gap of the photonic crystal composed of three and four TapOs/MgF2 MQWs, which
are within the wavelength ranges of 402-712 and 412-1,023 nm, respectively, could cover the entire visible
region. The relationship among the width of the band gap, its location, reflectivity rate, and incident angle
of the incident light is analyzed. The optimal structural parameters of the MQW of the omni-directional
reflector in the visible region are also calculated. The calculations provide a guide for the design of omni-

directional reflection devices in the visible region.
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Photonic crystal (PC) is periodic in terms of structure
in the geometric scale, and in most cases, it is artificially
designed and manufactured. Due to their potential value
in photonic devices!' 3], including photonic filters and
diodes, in visible and near-infrared regions, PCs have
attracted considerable attention in recent years. How-
ever, research progress on omni-directional reflectors in
this specific wave range has been insignificant due to
the lack of materials suitable for the visible band, as
well as the relatively narrow band gap that has been
obtained. There are two types of reflectors: metallic and
multilayer dielectric. Metallic reflectors can reflect light
over a wide range of frequencies for arbitrary incident
angles. However, at visible, optical, or higher frequen-
cies, considerable power is lost to absorption. On the
other hand, multilayer dielectric reflectors can achieve
extremely low losses, and are highly reflective at certain
frequency ranges.

Currently, studies on the broad band gap, omni-
direction, and high reflectivity photonic band gap (PBG)
incorporate two aspects. First is the selection of high and
low refractive index materials, which is an outcome of
the limited number of materials with high refractive in-
dex in the visible region. Consequently, the difficulty
in the acquisition of appropriate refractive materials re-
sults in the broadening of the PBG in the visible region.
Second is the improvement of the model, including en-
capsulation, identification of defects!*?!, nestingl®!, and
multi-quantum well (MQW)[7_1O] and its adoption which
has become an effective method for broadening the band
gap. Recent studies have shown that a multilayer di-
electric reflector can have high reflectivity over a broad
range of frequencies at all incident angles or an omni-
directional total reflection, if the refractive index and
thickness of the constituent dielectric layers are chosen
properly. For example, Wang et al. found that more
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one-dimensional (1D) PCs can be used to form multiple
photonic heterostructures to obtain the desired width
of omni-directional total reflection frequency rangel'!).
This can be achieved provided that the directional PBGs
of the adjacent 1D PCs at any incident angle overlap each
other in tandem. Ye et al. used different materials and
achieved the same result, that is, a multilayer dielectric
reflector could have high reflectivity over a broad range
of frequencies at all incident angles!'?. The photonic
quantum well facilitates designing reflectors with high
reflectivity rate and omni-directional reflection which
can be applied in optical fibers, waveguides, laser de-
vices, and reflection devices!!2—17].

Current studies on 1D, two-dimensional (2D), and
three-dimensional (3D) PCs focus on the infrared waves,
microwaves, millimeter-wavel'8=20  visible light, and
ultraviolet, which are short waves. Due to the lim-
itations on material selection and preparation tech-
nology, research on omni-directional reflectors is rel-
atively rare. PCs with 1D multilayer structure have
the advantage of simplicity, ease of preparation, and
low cost. TasOs and MgFs are two kinds of opti-
cal materials with the appropriate proportion of high-
to-low refractive index in the visible band and lower
absorption.

In this letter, TagOs5 and MgFs are selected as high and
low refractive index materials, respectively. The photonic
quantum well is introduced to the TasOs/MgFs multi-
layer design to achieve and broaden the omni-directional
PBG in the visible region.

The structure of the 1D PC is shown in Fig. 1. The
periodic structure is composed of MQW TasO5 with
a high refractive index and MgFs with low refractive
index. In Fig. 1, A, C, and E represent TasOs5; B,
D, and F represent MgFs; (AB),,, (CD),, and (EF),
compose of TasOs and MgF,, where m, n, and [ com-
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prise the periodic layers of a unit cell. The quan-
tum well unit cell constant is represented as d;, and
di = dp + dg,dy = dg + dp,ds = dg + dp, while k
and f represent wave direction k = kois + k3iz, and its
frequency f=ck/zq, respectively. c is the speed of light
in vacuum and iy and i3z are the wave vectors of light in
the X and Z directions, respectively. The wave vector
of the photonic quantum well can be divided into two
polarized modes, transverse electric (TE) and transverse
magnetic (TM). In the TM mode, light wave propaga-
tion is perpendicular to the electric field, whereas in the
TE mode, light wave propagation is perpendicular to the
magnetic field. Omni-directional reflection occurs when
the position of the PBG and its width are not influenced
by the incident angle in the two polarized modes.
Simulation calculation was performed with Trans-
light software designed by the Glasgow University. The
transfer matrix method was applied to study the re-
flective characteristics of the photonic quantum well
of TagO5/MgFy. During the calculation, the whole
model system was divided into several small periodi-
cally repetitive units. The MQW was considered to be
limited in the incident direction, that is, TasOs5/MgFs
was limited in the Z direction, and infinite in the
X and Y directions. The general dielectric constant
gi=ei+je! = (ni+jki)? (i = 1,2), where n; and k; repre-
sent the real and imaginary parts of the refractive index,
respectively, and €} and ¢! represent the real and imagi-
nary parts of the dielectric constant, respectively. Figure
2 shows the adopted refractive indices of TasOs5 and
MgFs, indicating that the two imaginary parts of the
refractive indices of TayO5 and MgF5 are approximately
zero in the visible band, and the imaginary part of the
dielectric constant is approximately zero. Therefore, the
visible light absorption of the photonic quantum well is
negligible in this letter. During the calculation, only the
real part, €, = n?, was selected as the dielectric constant.
The reflectivity rates of the three MQW, (AB),,,
(CD),, and (EF); were calculated first through the sim-
ulation, where the periodic layer of TagOs/MgF2 was 6,
the thickness ratio of TagO5 to MgF5 remained constant
at 2:3, and the thickness was dy = 74 nm, dg = 111 nm,
dc = 62 nm, dp = 93 nm, dg = 54 nm, and dp = 81 nm.
Figures 3(a)—(c) show the reflectivity curve of (AB),,,
(CD),, and (EF);, respectively. A PBG is visible in a
single quantum well. However, the band gap width is
generally narrow. It is located at 547-709, 459-594, and
400-518 nm, respectively. A comparison of the PBGs of
the three quantum wells show that the gaps could over-
lap, and the visible light (400-709 nm) would be covered.
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Therefore, the combined MQW of (AB),,, (CD),, and
(EF); was analyzed. Figure 3(d) shows significant in-
crease in the PBG width and the formation of the PBG
in the range of 402-712 nm, which covered the over-
lapping area of the three PBGs in the quantum wells
(AB),,, (CD),, and (EF);. Thus, the application of
MQW could broaden the width of the PBG effectively.
However, Fig. 3(d) indicates that the reflectivity rate
obtained with these specific structural parameters failed
to reach 100%.

To analyze the influence of the periodic layer on
the reflection characteristics of MQW, the analysis
was conducted when the MQW periodic layers of
(AB),,/(CD),/(EF), was m = n = | = 6, 8, and
10, respectively, as shown in Fig. 4. In Fig. 4(a),
m = n = | = 6, whereas in Figs. 4(b) and (c),
m = n = [ = 8 and 10, respectively. Figure 4 indi-
cates that under the condition of normal incidence, the
reflection curve gradually becomes smooth with the in-
crease of repetitive periodic layers. When the periodic
layer reached 10, the PBG was located at the 392-712
nm wave and covered the visible region completely, with
the reflection rate reaching approximately 100%.

In order to study the omni-directional reflection char-
acteristics of TagO5/MgFs MQW, the analysis on re-
flection characteristics of the PBG formed in MQW was
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Fig. 2. Refractive indices of Ta2Os and MgF2 as a function
of wavelength.
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Fig. 1. 1D photonic quantum well structure model, in which
i and d are the dielectric constant and thickness, k, E, and B
are the wave vector, electric, and magnetic fields, respectively.

Fig. 3. Reflectance spectra for (a) (AB)s, (b) (CD)s, (c)
(EF)6, and (d) (AB)s/(CD)s/(EF)s photonic quantum well
structure.
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Fig. 4. Effect of different periodic layers on the reflectance
spectra of the (AB).,/(CD),/(EF); photonic quantum well
structure.

conducted using different incident angles. The reflection
spectra of the TM and TE modes are shown in Figs. 5(a)
and (b), respectively. When the angle between the inci-
dent light wave vector and Z direction is 0°, the PBGs
in the TE and TM modes completely overlapped. Figure
5(a) shows that the increase of the incident angle facil-
itats the movement of the initial and terminal positions
of band gaps to a shorter band, called blue shift, and the
change of the TM mode is significantly enhanced com-
pared with that of the TE mode. In the two polarized
modes, the band gap position and the reflectivity rate
are stable at the deflection angle of 0°-30°. However,
when the deflection angle is between 30° and 90°, the
occurrence of blue shifting of the band gap is significant,
and the gap width in the TM mode becomes narrower.
Figure 5 shows the band gap overlap in the TE and TM
modes, when the deflection angle is between 0° and 90°.
Results indicate that the structure in the wavelength
range of 403-530 nm has reflection characteristics. How-
ever, the omni-directional reflection band gap did not
fully cover the entire visible band. Therefore, the reflec-
tion characteristics of the combined structure of the four
quantum wells were studied.

The reflection spectra of the four multi-layer struc-
tures of MQW (AB),,, (CD),, (EF);, and (MN); are
shown in Fig. 6. The periodic layer of TagO5/ MgFs
is 6, the thickness ratio is 2:3, and thicknesses are
da = 104 nm, dg = 162 nm, dc = 86 nm, dp = 129 nm,
dg = 68 nm, dp = 102 nm, dy = 68 nm, and dy =
181 nm. The reflectivity curves of quantum wells (AB),,,
(CD),, (EF);, and (MN), are shown in Figs. 6(a)—(d),
respectively, corresponding to the location of the PBG at
799-1034, 635-824, 503-652, and 400-518 nm. Similarly,
the PBGs of four combined MQWs are analyzed. Figure
6(e) shows that the PBG of the four combined quantum
wells is between 402 and 1,050 nm, covering both visible
light and near-infrared band. In Fig. 6(e), the reflectiv-
ity near 700 nm did not reach 100%. The effect of the
periodic layers was also analyzed. The reflection spec-
tra of MQW (AB),,/(CD),,/(EF);/(MN); are shown in
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Fig. 5.  Effect of different incident angles on the pho-
tonic band gap position of the multi-quantum-well structure
(AB)10/(CD)10/(EF)10 in the (a) TM and (b) TE modes.
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Fig. 6. Reflectance spectra for (a) (AB)s, (b) (CD)s, (c)

6, (b)
(EF)s, (d) (MN)g, and (€) (AB)s/(CD)s/(EF)s/(MN)s pho-
tonic quantum well structure.
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Fig. 7. Influence for the reflectance spectra of (AB)n/
(CD),»/(EF);/(MN), photonic quantum well structure.

Fig. 7, and the periodic layer is m =n =1 = s = 6, 8§,
and 10. Under the condition of normal incidence, the re-
flection curve became smoother with the increase of the
periodic layer. When the periodic layer reached 8, the
PBG was located at the wave band of 412-1,023 nm,
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Fig. 8. Effect of different incident angles on the photonic band
gap position of the multi-quantum-well structure with the lay-
ers of cycle structures (AB),,/(CD),/(EF);/(MN), in the (a)
TM and (b) TE modes.

covering the visible and near-infrared region completely,
with the reflectivity rate at approximate 100%.

Figure 8 shows the influence curve of the incident an-
gle affecting omni-directional reflectivity characteristics.
The influence of incident angle on PBGs in MQW is sim-
ilar to that in Fig. 5. The reflection spectra of the TM
and TE modes are shown in Figs. 8(a) and (b), respec-
tively. The occurrence of the blue shift of the band gap
with the increase of the incident angle is more significant
in the TM mode than in the TE mode. With the change
in deflection angle from 0° to 90°, the overlapping of
band gaps in the two polarized modes existed at the
414-771 nm wavelength band, covering the entire visible
region. Thus, the omni-directional reflector is achieved
in the visible region.

In conclusion, the transfer matrix method is used to
study the omni-directional reflection characteristics of 1D
PC composed of TazO5/MgFy MQW in the visible re-
gion. The results reveal that the PBGs of three and four
TazO05/MgFo MQWs are located at the 402-712 and
412-1,023 nm bands, respectively. When the periodic
layer of each quantum well reaches the eighth layer, the
omni-directional reflector, formed by the combination of
four TasO5/MgFy MQWs, covers the entire visible region
completely. Hence, the results of this study can provide
guidance in the design of an omni-directional reflector
in the visible region, as well as of the design of solar cells.
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